This paper deals with linear analysis of a conventional hydraulic power assisted steering system for passenger cars. The reason for this study is to be able to transfer the steering feel information transmitted to the driver, as well as, the frequency dependency of the assist characteristic of the system to other types of steering systems. Such systems could be electric power assisted steering (EPAS) systems, as they have lately been introduced on smaller passenger cars. In this paper, several relevant transfer functions of the conventional power steering system have been derived and the underlying control structure of conventional hydraulic power steering systems are discussed. 
INTRODUCTION
Hydraulic Power Assisted Steering (HPAS) in passenger cars had its major breakthrough in the early sixties. Since then, the overall system configuration has remained merely unchanged, only minor system modifications have been made in order to meet the demands of today's customers. Such a system consists of different components, such as a hydraulic pump for generating the required oil flow, a hydraulic piston for generating the assist force and a valve for controlling the flow. The latter is responsible for the assist characteristic of the power steering, which is the relationship between the assist torque (or pressure in the piston chambers) and the driver steering effort. This is a purely static relationship often called "boost curve" [1] .
The main task of a power steering system is to reduce the steering effort of the driver by adding a certain amount of torque to the driver's torque, while at the same time supplying the driver with a relevant amount of road feel through the steering wheel torque. Assistant torque and road feel are an inherent compromise in conventional hydraulic steering systems due to the systems architecture, as will be discussed in this paper. Car companies have spent great effort in balancing these two characteristics.
This study has been conducted in order to get a deeper insight into what is called "steering feel" and how this is transmitted by a hydraulic steering gear. Steering feel, sometimes even called "road feel", is haptic information transmitted from the road to the driver through the steering wheel and plays an important role in how the driver experiences the vehicle. In this manner, the frequency dependency of the assist torque is decisive for this haptic information.
Recently, Electric Power Assisted Steering systems (EPAS) have entered the market, mainly in order to meet future requirements of emission and fuel consumption, as the efficiency of traditional hydraulic power steering systems, especially for highway driving, is quite low.
In order to be able to provide the driver with the steering feel of a hydraulic system when an electric system is used, the frequency dependency of the assist torque must be well understood.
SYSTEM DESCRIPTION A traditional vehicle Power Assisted Steering system, (PAS-system) consists of a steering column, rotary valve, hydraulic cylinder, rack pinion and a pump, also included is the chassis and tires. The steering system is a closed looped system where the driver of the vehicle gives the steering input. A-A 
LINEAR MODEL OF THE HPAS-SYSTEM
The reason to develop a linear model is to be able to define the dynamics of a classic hydraulic servo system, and to specify and find the criteria which electrically controlled servo systems, such as EPAS, (Electric Power Assisted Steering), and EHPAS, (Electro Hydraulic Power Assisted Steering), must perform to be accepted. The linear model includes the steering column, rack valve geometry and a load model. It also includes the possibility to take variation of pump flow into account. As for all linear models, it is only valid around a certain working point. In this model, there are four working-point dependent linear flow coefficients related to the orifice equation of the valve. These coefficients need to be calculated in a separate nonlinear model. In this model, the load and system pressures are collected at the working point, as well as, the position of the valve. From the valve position, the area openings and the area gradients are calculated, and then put together with the pressures in the derivatives of the flow equations, [2] .
The compete linear model can be described by a set of four separate equations, Eq. (1-4) . The first equation concerns the load, GCar, which is affected by the steering wheel torque, Tsw, and of the assistance system, Tservo. The second equation handles the assistance part (HPAS, EHPAS or EPAS). (1) 
MECHANICAL MODEL
The steering column is the interface between the driver and the steering rack. The dynamic of the steering column is described by the transfer function Gsw(s), as defined below:
HYDRAULIC MODEL
The dynamics of the hydraulic component in the servo system are divided into two transfer functions, Gs1, Eq.(6-10), and Gs2, Eq(6,7,1 1-13), which are of major importance when designing a new concept for power assisted steering. Gs1 , which handles the assistant gain of the hydraulic servo is especially important. In the block diagram, Figure 4 , one can see that Gs1 is working as a hydraulic spring that assists the driver in steering the car. The stifrness of the spring is equivalent to the gain in Gs1, Ksi , Eq.(9). The calculations of the hydraulic transfer functions are based on linearized and laplace transformed equation presented by Merritt [3] . Gs1 and Gs2 are defined by Eq.(A1-A7), which can be found in the appendix. Gs1 is the quotient of a 1st and 2nd order filter.
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In Figure 5 , Gs1 is plotted against the load input from the driver, Tdriver. As seen in the graph, the break frequency decreases with increased load from driver. This is due to over critical damping; when the load increase the damping also increases. This causes the 2nd order low-pass filer to separate in two 1st order lowpass filters. In between those filters lies break frequency in the nominator. Gs2 is a correction transfer function due to movement in the piston. Gs2 has an identical 2nd order dynamic in the denominator as Gs1; the nominator consists of a 1st order filter with break frequency 0ts2
LOAD MODEL
The load is modelled as a spring mass system with viscous, friction. The focus of this linear model is the hydraulic servo system and not the interaction between the servo and the car; therefore, a more complex model is not necessary. The interaction between the servo system and the vehicle can be studied with the help of the non-linear PAS model where it is possible to cosimulate with a complete vehicle model. [2] The tie rod force, Ft, is modelled as a speed dependent linear spring [4] ASSISTANT TORQUE CHARACTERISTIC When it comes to the handling and feeling of the complete servo system, one has to look at the complete transfer function. One common measure of the servo system is the boost curve, which symbolizes gain in the system. These curves describe the overall characteristics of the PAS-system. The curve is collected when the wheels are locked in one position and torque is applied to the steering wheel. The differential boost pressure, piston load pressure, is often measured and plotted against the applied steering wheel torque.
Other criteria that are of interest when designing a PAS-system are characteristics like stiffness and feel [5] . The stiffness of the HPAS system has been described earlier under "hydraulic model". The feel of a system is really the feedback of the "road" to the driver; this is carried out by the torsion bar due to "control error" . If one studies the transfer function G,1, one can notice that the nominator really consist of a PD-controller, see Figure 6 . The reference value of the controller is the given angle from the driver; and the output from the system is the angle of the wheels. The closed-loop system can be considered an angular servo. Normally, a controller tries to minimize the control error in every working point to carry out the command given by the operator. If the controller, in a normal HPAS system, were to always minimize the error between as, and arack, the road feel fed to the driver would fade away. The reason for this is that when the angle error between as,,, and arack decreases, the toque fed back to the driver, T,w , also decreases according to Eq.(19), see also Figure 6 .
Consequently, an optimal controller will minimize the angle error, which minimizes the haptic information transmitted to the driver. This illustrates the compromise in controller setting between assistance and road feel.
To achieve both accepted assistance and road feel, the stiffness of the hydraulic system has to be a compromise between assistant torque and road feel.
In a feedback system with a proportional controller, there will always be a stationary error, if the controlled system does not contain a pure integrator part. The controlled system here is the Gsys, Eq.(20). GSys does not contain a pure integrator, and will, therefore, always have an angle error. The size of the error depends upon the gain, Kp , in the controller. The ureater K" is the less error.
The graphs below illustrate Kp and Kd gains in an HPAS system. One interesting thing is that the shape of these curves are based upon the geometric layout of the valve, Eq.(17-18). Please note that Kp has a fairly low gain when the driver applies torque in the low regions, which means that the road disturbance will propagate back to the driver during moderate applied steering torque. 
SENSITIVITY CHARACTERISTICS
When studying systems it is always interesting to look at the sensitivity characteristics, this is especially valid when studying PAS systems were humans are involved in the loop. The transfer function Gd, Eq.(21) describes how a external disturbance torque, Tear, would propagate to the steering wheel of a car, TSW, assuming the a~w 0 A plot of Gd can be found in Figure 8 . In this figure it is clear that the torque in the steering wheel will be reduce at load cases were the driver applies higher input torque. This agrees with the discussion in the previous chapter. If one studies the static gain of Gd, Eq.(22), one can see that the only thing that is changing with the working point is Kp. The shape of the curve stays fairly constant in the lower regions of frequency. 
CONCLUSION
In this paper, a hydraulic power steering using a conventional underlaped valve has been analyzed with focus on the underlying control strategy. This is important when it comes to the transfer of hydraulic steering feel to modern electric power assisted steering systems.
The hydraulic valve together with the hydraulic piston constitutes a PD controller type, where the gain of both P and D are dependent upon the applied steering wheel torque. Both P and D element gains are comparably low in the low torque area in order to supply the driver with appropriate steering feel, and increase in the high torque area in order to ease manoeuvring at parking conditions. The design of this boost curve is a delicate compromise between steering feel and assist torque. Another important result is how the geometric layout of the hydraulic valve influences the controller setting.
The hydraulic actuator itself acts as a filter of the 1st order in the relevant frequency range, which is important to have in mind when controlling an electric motor in the EPAS system.
